Introduction {#sec1}
============

Agents that selectively associate with cell surface receptors overexpressed on tumor cells can be used to deliver therapeutics. This strategy is referred to here as *active* to distinguish it from other forms of targeting (e.g., where the agent is intended to directly cause a therapeutic effect by binding cell surface receptor or is designed to target intracellular pathways upregulated in cancer cells).^[@ref1],[@ref2]^

The most widely investigated active targeting agents are humanized monoclonal antibodies (hmAbs), but mAbs in general have limitations.^[@ref3]^ First, they have poor permeation into solid tumors, only a few mAbs enter cells,^[@ref4]^ most do not,^[@ref5]^ and even cell-permeable mAbs may not reach the intracellular target.^[@ref6]^ Moreover, mAbs can have undesirable immunogenic effects, circulation times, and they are further restricted by cost and shelf life issues.^[@ref7],[@ref8]^

Active targeting via *small molecules* that selectively bind to receptors on tumor cells can have advantages relative to hmAbs with respect to cell internalization and affordability; however, relatively few small molecule targeting entities are known. Folic acid^[@ref9]−[@ref12]^ and Arg-Gly-Asp peptidomimetics^[@ref13]−[@ref17]^ are probably the most widely appreciated examples, but there are not many more besides these. There are no clinically approved small molecule active targeting agents for delivering therapeutics to breast cancer.^[@ref18]^

TrkC, a cell surface receptor, and its natural ligand neurotrophin-3 were reported to play an essential role in breast cancer growth and metastasis;^[@ref19],[@ref20]^ suppression of TrkC expression in highly metastatic mammary carcinoma cells inhibited their growth in vitro and their ability to metastasize from the mammary gland to the lung in vivo.^[@ref21]^ This paper features a novel molecular fragment **A** (Figure [1](#fig1){ref-type="fig"}) for active targeting of breast cancer types that overexpress TrkC.^[@ref22]−[@ref24]^ TrkC-targeting molecules **1**, containing fragments **A** (blue in Figure [1](#fig1){ref-type="fig"}), elicit only weak functional effects.^[@ref23]^ One fragment **A** is not enough to bind TrkC adequately, but two joined as shown give good affinity.^[@ref23]^ The scaffold part in molecules **1** (shown in black) supports the two TrkC-binding entities and the BODIPY cargoes (colored purple and red here). The BODIPY dyes are similar, except that those without iodines are highly fluorescent, while ones with are only weakly fluorescent and act as sensitizers for singlet oxygen production. Thus, compound **1**-**F** (F = fluorescent) is designed for cell imaging and histology, while **1**-**PDT** is intended for use in PDT.^[@ref25],[@ref26]^

![Fundamentals of active targeting. (A) mAb conjugates have limited cell permeabilities, but (B) many small molecule conjugates can. (C) Structures of the targeted compounds featured in this work, **1**-**F** and **1**-**PDT**, and the parent iodinated BODIPY, **I**~**2**~-**BODIPY**.](mp-2014-005564_0002){#fig1}

Singlet oxygen is very reactive, half-life 1 ns to 1 μs, hence the effect of PDT agents illuminated in an aerobic environment is to generate ^1^O~2~ that kills cells in a highly localized area. Some boron dipyrromethene (BODIPY) based systems can have excellent attributes for PDT with high extinction coefficients, favorable light-to-dark toxicity ratios, high antitumor efficacies in vivo, and good body clearance,^[@ref27]−[@ref31]^ but they are not inherently inclined to localized in tumors; accumulation of the sensitizers in tumors is important for PDT. Experiments described in this paper were undertaken to explore the effects of coupling molecular fragments **A** that can bind TrkC receptors expressed on breast cancer cells and deliver a BODIPY-based PDT agent to them. As far as we are aware, there are no other agents, in the clinic or in the literature, on experimental modalities that actively target TrkC+ with a small molecular fragment that binds this receptor conjugated to a therapeutic.

Results {#sec2}
=======

Compound **1**-**F** Selectively Stains TrkC-Expressing Tissue and Is Internalized by TrkC+ Cells {#sec2.1}
-------------------------------------------------------------------------------------------------

We hypothesized that agent **1**-**F** could be used to stain tissue that express TrkC+ (e.g., from biopsies) and TrkC+ tumors and metastases during surgeries. In histochemistry on a commercial array of human breast cancer sections using **1**-**F**, all 36 malignant tissues showed evidence for expression of TrkC (23% with unambiguous staining in the cytoplasm and cell membrane, 65% same but not as clear, and in 12% not all the tumor cells stained); conversely, none of the normal breast tissue showed significant staining in the cytoplasm and cell membrane just as fluorescent anti-TrkC mAb did (Figure [2](#fig2){ref-type="fig"}A). We infer **1**-**F** has potential for histochemistry and as a surgical marker for TrkC-expressing cancers.^[@ref21]^

![Compound **1**-**F** stains in TrkC^+^ tumor tissue and is internalized TrkC+ cells. (A) Histochemical stains for a library of 96 breast tissue slices were performed using **1**-**F** (top) and anti-TrkC antibody as control (bottom), and the three illustrative ones shown here illustrate staining of the malignant tumor, whereas normal tissue is not stained. No staining was observed in the tissues without the small molecule probe or mAb. (B) Cell imaging on 4T1 cells shows **1**-**F** was internalized into lysosomes just as the natural TrkC ligand NT3 is.](mp-2014-005564_0003){#fig2}

Intracellular imaging studies featuring **1**-**F** on murine 4T1 cells (Figure [2](#fig2){ref-type="fig"}B) showed compound **1**-**F** is internalized and partially colocalizes with a lysosome tracker dye. Thus, **1**-**F** localizes into the lysosome, just as the natural TrkC ligand "neurotrophin-3" (NT3) does when it is internalized via the TrkC receptor,^[@ref32]^ implying **1**-**F** also enters the cell via TrkC. Similar experiments were performed using (the less fluorescent agent) **1**-**PDT**, and the outcome was much the same ([Supporting Information, Figure S3](#notes-1){ref-type="notes"}). Moreover, import of **1**-**PDT** at 2 h was more than **2**-**PDT** into 4T1 cells and that uptake of **1**-**PDT** was suppressed by pretreatment with the natural TrkC ligand, NT3.

Compound **1**-**PDT** Selectively Kills TrkC-Expressing Cells In Tissue Culture {#sec2.2}
--------------------------------------------------------------------------------

Binding NT3 to TrkC on the surface of living cells causes growth and survival.^[@ref33],[@ref34]^ Some common breast cell lines used for cancer research express TrkC (e.g., human Hs578t and murine 4T1)^[@ref21],[@ref35]^ but not in others (e.g., SKBR3, 67NR, and MCF-10A).^[@ref21],[@ref36]^ TrkC *is* expressed in the majority of metastatic breast tumors.^[@ref37]^

Figure [3](#fig3){ref-type="fig"}A shows photocytotoxicities of **1**-**PDT** are greater for the TrkC+ breast cancer cell lines HS578t and 4T1 than the immortalized, TrkC--, breast cell lines 67NR and MCF-10A. Comparison of photocytotoxicities for the targeted PDT agent **1**-**PDT** with the nontargeted form **2**-**PDT**, and **I~2~**-**BODIPY** on TrkC+ expressing cells (Figure [3](#fig3){ref-type="fig"}B,C) shows the targeted agent is more photocytotoxic (IC~50~ = 0.325 μM in 4T1; IC~50~ = 0.285 μM in HS578t) than the control ones, **2**-**PDT** and **I~2~**-**BODIPY** (undetermined IC~50~), which does not bind TrkC. These results suggest that **1**-**PDT** induces selective photocytotoxicity in TrkC-expressing cells via TrkC receptor targeting. Some photocytotoxicity was observed for **2**-**PDT** on the human HS578t but not on the murine 4T1 cells, indicating the scrambled control **2**-**PDT** might be binding to some other receptor on the human line.

![**1**-**PDT** is photocytotoxic in TrkC+ cell lines. (A) Photocytotoxicities for **1**-**PDT** are more for the following breast cells, murine metastatic 4T1 and human metastatic, HS578t; compared with the following breast cell lines, murine nonmetastatic, 67NR; human immortalized MCF-10A. (B) Photocytotoxicities on the 4T1 and HS578t cells were enhanced for **1**-**PDT** compared to the scramble control **2**-**PDT** featuring an isomer of the targeting fragment that does not adhere to TrkC^+^ cells and control **I~2~**-**BODIPY**. (C) Structure of **2**-**PDT**. (D) Photocytotoxicities for **1**-**PDT** on 4T1 and HS578t cells are dose dependent (red bars) and suppressed by fixed concentrations of competing: (i) natural ligand NT3 (blue) and (ii) targeting ligand without a PDT group "IY-IY-TEG". Data shown are mean ± SEM of three independent experiments. \*, *p* \< 0.05; \*\*, *p* ≤ 0.01; \*\*\*, *p* ≤ 0.001 vs control using One-Way ANOVA ((A) TrkC^--^ cell line, (B) **I~2~**-**BODIPY**, (D) red bars).](mp-2014-005564_0004){#fig3}

Figure [3](#fig3){ref-type="fig"}D shows the photocytotoxicities of **1**-**PDT** on TrkC+ cells can be suppressed by the natural TrkC ligand (NT3) or the targeting agent without any BODIPY dye attached, "**IY**-**IY**-**TEG**" (structure in [Supporting Information, Figure S1](#notes-1){ref-type="notes"}). When interpreting this data, it is important to note that the concentration of NT3 is constant throughout, so **1**-**PDT** only becomes noticeably competitive with the small molecule ligand at higher concentrations (e.g., \> ca. 0.1 μM for human cells, Figure [3](#fig3){ref-type="fig"}D, right side).

All the photocytotoxicity experiments described above involved adding the test compounds for 2 h incubation, washed off before illuminating the cells. Effects of prolonging the incubation on the cell viability in PDT revealed that more selective cell-growth inhibition was achieved for TrkC+ 4T1 compared to TrkC-- 67NR at 2 h incubation ([Supporting Information, Figure S2](#notes-1){ref-type="notes"}), and the difference becomes less noticeable when 4 and 6 h incubation was used; thus a shorter incubation time is optimal for selective photokilling by the TrkC-seeking conjugate. For a full comparison, the same time course experiments for the untargeted **2**-**PDT** and the parent iodinated BODIPY, **I**~**2**~-**BODIPY**, were also performed ([Supporting Information, Figure S2](#notes-1){ref-type="notes"}). As expected, both compounds caused increased photocytotoxicity with increasing incubation time. However, the cell viability observed between 4T1 and 67NR cells were similar across the different time points for incubation, implying no selective binding to cell surface receptors ([Supporting Information, Figure S2](#notes-1){ref-type="notes"}).

Maximal Tolerated Dose (MTD) of **1**-**PDT** is 20 mg/kg in a Murine Model {#sec2.3}
---------------------------------------------------------------------------

**1**-**PDT** at 20, 30, and 100 mg/kg was administered to mice intravenously via the tail vein, and toxicity was evaluated based on typical symptoms (apathy, horrent fur, diarrhea, behavior changes, and loss of body weight). All mice receiving doses of 30 mg/kg or more experienced motility and balancing difficulties and died 1--3 h post drug administration. However, 20 mg/kg **1**-**PDT** was well tolerated and gave no signs of toxicity and death up to 17 days of post-treatment (Figure [4](#fig4){ref-type="fig"}), and no sign of gross organ toxicity was found in autopsies performed at the end of study. No death or signs of toxicity were observed in mice receiving equivalent doses of **2**-**PDT** and BODIPY. These results suggest 20 mg/kg is the maximum tolerated dose (MTD) for **1**-**PDT**. If, after further studies, these compounds were to be used therapeutically, then the dose should be significantly less than this; however, modifications to the dye structures are required first (see below).

![**1**-**PDT** was not toxic to mice at 20 mg/kg. Healthy 7--8 weeks old Balb/c female mice were administered intravenously via tail vein respectively with **1**-**PDT** and **2**-**PDT** at 20, 30, and 100 mg/kg (**I**~**2**~-**BODIPY** content equivalent to 6.25, 10, and 30 mg/kg, respectively, i.e., corrected for MW), and the parent **I**~**2**~-**BODIPY** (30 mg/kg). The mice were then kept in the dark and observed for 16 days. Data represent the average body weight (grams) of two mice/treatment group.](mp-2014-005564_0006){#fig4}

Agent **1**-**PDT** Accumulated Maximally in Tumor Tissues 1 h after Administration and Cleared from the Body 72 h Post-Treatment {#sec2.4}
---------------------------------------------------------------------------------------------------------------------------------

The biodistribution of **1**-**PDT** and the isomeric non-TrkC targeting control **2**-**PDT** were monitored in 4T1 tumor bearing mice (*n* = 3) up to 72 h. Significant and prolonged accumulation of **1**-**PDT** was observed in tumor (Figure [5](#fig5){ref-type="fig"}). At 1 h post administration, the fluorescence intensity of tumors in mice treated with **1**-**PDT** was 2.1× higher (897000 ± 135800) than the corresponding intensities for tumors treated with the nontargeted control **2**-**PDT** (416000 ± 43000) (*p* \< 0.05, Student's *t* test). The **1**-**PDT** dye intensity in tumor tissue remained significantly higher compared with **2**-**PDT** for up to 6 h, but there were no significant differences at 24 h onward. Trends in the **1**-**PDT** tumor distribution were significantly different to that of **2**-**PDT**, indicating selective accumulation of **1**-**PDT** in the tumor. Maximum accumulation of **1**-**PDT** at 1 h post administration led us to adopt a drug-to-light interval of 1 h in determining **1**-**PDT**'s in vivo antitumor efficacies in the subsequent studies.

![**1**-**PDT** demonstrated significant and prolonged accumulation in tumor tissue for up to 6 h and cleared from the body 72 h postadministration. 4T1-tumor bearing female Balb/c mice were treated at 10 mg/kg via the tail vein. Mice (*n* = 3) were sacrificed at 0, 0.25, 1, 3, 6, 24, 48, 72 h. (A) Organs and tissues (tumor, draining lymph nodes, spleen, kidney, liver, lung, skin, and eye) were harvested, and (B) fluorescence intensities in each organ were imaged using an in vivo imager (data represent mean ± SEM of three mice at each time point). \* *p* \< 0.05; \*\* *p* \< 0.01; for **1**-**PDT** vs **2**-**PDT**.](mp-2014-005564_0007){#fig5}

A large amount of **1**-**PDT** accumulated in the liver (ca. 20-fold more than in the tumor), then in the kidney and lung within the first 3 h post administration (Figure [5](#fig5){ref-type="fig"}), but these accumulations dissipated swiftly in the subsequent monitoring period. A similar pattern of accumulation was found for **2**-**PDT**. Swift clearance of both compounds in these organs is typical of small molecular weight compounds^[@ref27]^ and indicates that the accumulation in these organs was random and not due to TrkC receptor binding.

Nonselective accumulation of **1**-**PDT** and **2**-**PDT** was also observed in lymphoid organs such as spleen and lymph node at a much lower level (Figure [5](#fig5){ref-type="fig"}); others have observed no significant TrkC expression for these organs.^[@ref38]^ Interestingly, **2**-**PDT** but not **1**-**PDT** was found to accumulate significantly in the lymph node for a prolonged period of time. The eye has relatively impermeable blood capillaries and low TrkC receptor expression,^[@ref39]^ whereas murine eyes express relatively few TrkC receptors, concentrated mainly at nerve bundle portions.^[@ref40]^

**1**-**PDT** at 10 mg/kg Gave Effective Eradication of 4T1 Tumor with 96% Average Tumor Regression {#sec2.5}
---------------------------------------------------------------------------------------------------

Compound targeting efficacies and effects on TrkC^+^ tumors were assessed in the following experiments. Aggressive TrkC^+^ murine breast carcinoma (4T1) cancer cells were subcutaneously injected to the murine mammary fat pad and then treated with **1**-**PDT**, **2**-**PDT**, and **I**~**2**~-**BODIPY** when the tumor sizes reached 80 mm^3^. In a control, mice inoculated with TrkC-- murine breast carcinoma 67NR cancer cells were also treated using these compounds.

Agent **1**-**PDT** significantly reduced tumor growth after illumination when treated at 2 and 10 mg/kg (equivalent to 0.6 and 3.0 mg/kg of **I**~**2**~-**BODIPY**, respectively). Inflammation and erythema surrounded the irradiated tumor region was observed in the **1**-**PDT** treated groups at 4--6 days post PDT but was less pronounced or not observed in the control groups (Figure [6](#fig6){ref-type="fig"}A). Subsequently, tumor sizes were drastically reduced in the **1**-**PDT** treated groups 4--6 d postillumination (61% and 96% maximum tumor reduction in mice treated with 2 and 10 mg/kg of compound compared to pretreatment tumor size, Figure [6](#fig6){ref-type="fig"}B). In contrast, **2**-**PDT** and **I**~**2**~-**BODIPY** treatment induced only moderate tumor size reduction within the first 6 d after illumination (20% reduction for mice treated with 10 mg/kg of **2**-**PDT**, and 11% reduction for mice treated with 10 mg/kg of **I**~**2**~-**BODIPY**, Figure [6](#fig6){ref-type="fig"}B). At day 13, both **2**-**PDT** and **I**~**2**~-**BODIPY** treated mice showed rapid tumor regrowth at the necrotic tumor tissue periphery while tumor regrowth in **1**-**PDT** treated mice was minimal and delayed (Figure [6](#fig6){ref-type="fig"}A,B). More importantly, 1 out of 7 mice (14%), treated with 2 mg/kg, and 5 out of 7 mice (71%), treated with 10 mg/kg of **1**-**PDT**, healed from eschar by day 13--15 after illumination and showed no palpable tumor for up to 90 d post-treatment. Such total tumor remission was not found in both the **2**-**PDT** and **I**~**2**~-**BODIPY** treated groups. To confirm the targeting ability of **1**-**PDT** on TrkC+ cells in vivo, the compound efficacy in the non-TrkC expressing 67NR tumor cell line in mice was examined and compared to that in the 4T1 model; as expected, neither **1**-**PDT** nor **2**-**PDT** at 10 mg/kg fully eradicated the 67NR tumors in mice (Figure [6](#fig6){ref-type="fig"}C); the tumor volumes were reduced at day 4--6 days postillumination but regrew at day 9.

![**1**-**PDT** effectively suppressed the growth of TrkC+ (4T1) tumor but not in TrkC-- (67NR). (A) Regrowth of TrkC+ 4T1 tumor (yellow arrow) in female Balb/C mice receiving **2**-**PDT** (10 mg/kg), **I**~**2**~-**BODIPY** (3.0 mg/kg), and saline controls but not in mice receiving **1**-**PDT** (10 mg/kg). (B) Significant dose dependent mean tumor volume reduction and delayed tumor regrowth in TrkC+ 4T1 tumor bearing mice receiving 2 and 10 mg/kg **1**-**PDT** as compared to rapid tumor growth in mice receiving the control substances. (C) **1**-**PDT** gave impermanent and nonselective antitumor effect (resembled that with **2**-**PDT**) in mice bearing TrkC-- 67NR tumor. Photoactivation was conducted at 100 J/cm^2^ with a fluence rate of 0.16 W/cm^2^ 1 h after intravenous injection of the compounds. All graphs showed mean tumor volume ± SEM (*n* = 7). \* *p* \< 0.05, \*\* *p* \< 0.005, for **I~2~**-**BODIPY** vs **1**-**PDT** and **2**-**PDT** group using One-Way ANOVA. (D) There were no tumor metastases in **1**-**PDT** treated survivor mice post 90 d. Mice treated with 10 mg/kg **1**-**PDT** that survived up to 90 d with no palpable primary tumor found were metastases free in all the major organs assessed (liver, lung, draining lymph node, and spleen, representative histological images). Control (tumor free healthy and 4T1 tumor burden mice) results were included for comparison (yellow arrow = 4T1 tumor metastases). Scale bar: 100 μm. The current results had been verified by certified veterinary pathologist.](mp-2014-005564_0008){#fig6}

Mice Surviving Treatment with **1**-**PDT** Showed Complete Remission up to 90 Days Postillumination, with No Metastasis Development {#sec2.6}
------------------------------------------------------------------------------------------------------------------------------------

All **1**-**PDT** treated mice that showed complete tumor regression remained disease free with no palpable tumor at the primary site up to 90 d. Tumors from 4T1 cancer cells are known to be aggressive and typically metastasize to lymph nodes, liver, and lung, even in the early stages of the disease.^[@ref41]^ Thus, at 90 d postillumination, the surviving mice that were physically active were sacrificed for major organ/tissue histopathology by a certified veterinary pathologist. H&E staining showed no 4T1 tumor metastases in all the examined organs (liver, lung, draining lymph node, spleen, kidney, and heart) of the 10 mg/kg **1**-**PDT** treated survivor mice and tumor free control mouse (Figure [6](#fig6){ref-type="fig"}D). However, in 4T1 tumor bearing control mice, tumor metastases were found in liver, lung, lymph nodes, and spleen, with extramedullary hematopoiesis observed in this animal (Figure [6](#fig6){ref-type="fig"}D). These results show effective eradication of TrkC expressing 4T1 tumor by **1**-**PDT** post PDT treatment in the survivor mice.

Discussion {#sec3}
==========

The assertion that agent **1**-**PDT** targets TrkC+ breast cancer cells is supported by the observation that it has a more profound effect on these tumors than the isomeric compound, **2**-**PDT**, and the PDT agent without any appendage, i.e., **I**~**2**~-**BODIPY**. This is consistent with the significant in vivo selective accumulation of **1**-**PDT** in TrkC+ tumors 1 h after administration, as calibrated relative to levels of **2**-**PDT** at the same time. Moreover, **1**-**PDT**, **2**-**PDT**, and **I**~**2**~-**BODIPY** have comparable effects on tumors from TrkC-- cell lines.

The data outlined above are consistent with ex vivo studies on cells stably transfected with TrkC,^[@ref42]^ but those experiments did *not* involve breast cancer cells. In this article, we report selective photocytotoxicity of **1**-**PDT** ex vivo correlates with natural levels of TrkC+ expression *in breast cell lines*. The cell studies established that a 4--6 h interval between treatment and illumination *decreased* the selectivity for TrkC-expressing cells relative to a 2 h interval, perhaps due to relatively slower, and nonselective, interaction with cells, something that could be anticipated from the literature.^[@ref43],[@ref44]^ Consequently, we used a 1 h interval between injection and light treatment for the in vivo work.

It is remarkable that **1**-**PDT** at 10 mg/kg in vivo caused, on average, 96% tumor volume reduction in the mice bearing TrkC+ tumor at day 6 post-PDT. Among these mice, 71% showed full remission and were tumor-free for 90 days after therapy, and histology indicated no metastasis development in these animals. The fact that **1**-**PDT** was ineffective for suppressing TrkC-- (67NR) tumors in mice supports the overall assertion that this compound targets TrkC+ expressing tissue in vivo.

Long- and short-term toxicities of agents like **1**-**PDT** must be considered in the context of experimental therapeutics. In the dark, the TrkC-targeting fragments featured are capable of transducing signals similar to NT3 upon binding to TrkC,^[@ref23]^ so it is conceivable that in the long term **1**-**PDT** might induce tumorigenesis just as NT3 does.^[@ref20],[@ref21],[@ref45]^ However, this was *not* the case in the extended time course of these experiments because, *in the dark*, mice receiving saline control or **2**-**PDT** (no TrkC binding) have comparable tumor volumes, with no significant differences, to the **1**-**PDT** group ([Supporting Information, Figure S5](#notes-1){ref-type="notes"}).

Another relevant long-term toxicity issue relates to photosensitivity. Intravenous administration of photosensitizers can result in accumulation in different tissues and undesirable photosensitivities.^[@ref46]^ Adverse photosensitivity is common in PDT,^[@ref47],[@ref48]^ but targeting PDT agents to tumors that express TrkC should alleviate some of these effects.

Short-term toxicities for agents that bind TrkC could be anticipated because NT3 promotes neuronal cell survival, differentiation, and synapse transmission, and antagonism at the TrkC receptor might have undesirable effects.

Short-term toxicities of agent **1**-**PDT** are a concern because, while doses of 20 mg/kg were tolerated, 30 mg/kg was not. A claim that high doses of neurotrophins (including NT3) promote relatively rapid excitotoxic necrosis of neurons^[@ref49]^ might be pertinent. In any event, **1**-**PDT** requires further structural modifications because the light wavelength to excite this is optimally around 520 nm whereas PDT agents should absorb above 700 nm if they are to be addressed at more than 1 cm tissue penetration.^[@ref50]−[@ref53]^ Consequently, **1**-**PDT** is a prototype for other compounds, currently under development in our laboratories, that involve the same targeting fragments differently disposed around other PDT active dyes. It is anticipated that the short-term toxicities of the second-generation systems will be structure dependent.

Overall, the data presented here demonstrate the potential of targeting TrkC+ tumors with PDT agents. Excellent therapeutic indices can be achieved because PDT is spatially restricted to the illumination area, and active targeting accumulates the agents in the tumors. This study features dosing with a targeted-PDT agent alone, but there is also the intriguing possibility of combination therapies featuring Trk inhibitors currently in trials as chemotherapeutic agents (e.g., Lestauritinib^[@ref54]^ and PLX7486 (<http://clinicaltrials.gov/show/NCT01804530>)).

Materials and Methods {#sec4}
=====================

Histochemistry {#sec4.1}
--------------

Two slides of human breast cancer tissue microarrays (BRC962) were purchased from US Biomax, Inc. The arrays include 36 cases of breast cancers and 12 cases of normal, reactive, and benign tumor tissues of the breast in duplicates. The slides were transferred to a xylene bath for 10 min and then rehydrated in two changes of fresh absolute ethanol for 7 min each. Excess liquid was shaken off, and the slides were incubated in fresh 90%, 70% ethanol then water for 7 min each. The slides were washed in two changed of PBS for 5 min each, then incubated with PBS containing 4% BSA for 30 min. The tissues were rinsed with PBS and incubated again in two changed of PBS for 5 min each. **1**-**F** solution in 4% PBS/BSA and anti-TrkC antibody were added to separated slide and incubated overnight at 4 °C. The slides were rinsed twice in PBS, then in water (10 min each). Then the slide contained **1**-**F** was mounted in permanent mounting media with DAPI (Vector) and incubated at 4 °C for 4 h. The slide contained anti-TrkC antibody was incubated with rodamine-tag primary antibody for 30 min and then rinsed twice in PBS and in water (10 min each) before putting in the mounting media. Two slides were imaged with a Zeiss Stallion dual detector imaging system consisting of an Axiovert 200 M inverted fluorescence microscope, CoolSnap HQ digital cameras, and Intelligent Imaging Innovations (3I) software. Digital images of **1**-**F** and DAPI were captured with a C-APO 63X/1.2 W CORR D = 0.28M27 objective with the following filter sets: exciter BP470/20, dichroic FT 493, emission BP 505--530 for **1**-**F**, emission BP 565--615 for rodamine and exciter G 365, dichroic FT 395, emission BP 445/50 for DAPI. Sequential optical sections (Z-stacks) from the basal-to-apical surfaces of the cell were acquired. Digital image acquisition was initiated approximately 1 μm below the basal surface of the cells, and optical slices were collected at 0.5 μm steps through the apical surface of the cells with a high numerical objective lens (C-APO 63X/1.2 W CORR D = 0.28M27). These wide-field images were subjected to deconvolution using 3I software.

Cell Culture {#sec4.2}
------------

4T1, MCF-10A, and Hs578t (ATCC) and 67NR (Barbara Ann Karmanos Cancer Institute, Detroit, MI) cells were cultured on 75 cm^2^ culture flasks in Dulbecco's Modified Eagle Medium/nutrient mixture F-12 (DMEM/F12, Sigma Chemical, St. Louis, MO) supplemented with 10% FBS. All cells were cultures in a humidified incubator at 37 °C with 5% CO~2~ and 95% air.

Fluorescence Microscopy {#sec4.3}
-----------------------

Intracellular localization of the 4T1 cells was measured using a Zeiss 510 META NLO Multiphoton system containing of an Axiovert 200 MOT microscope. Throughout, digital images were captured with a 40*×*/1.3 oil objective. **1**-**F** was excited at 488 nm, and the emission BP used was 500--530 nm; for LysoTracker red, the excitation was at 543 nm and the emission BP was 565--615 nm.

Sequential optical sections (Z-stacks) from the basal-to-apical surfaces of the cell were acquired, initiated approximately 1 μm below the basal surface of the cells, and optical slices were collected at 0.5 μm steps through their apical surface using a high numerical objective lens (C-APO 63X/1.2 W CORR D = 0.28M27). These wide-field images were subjected to deconvolution using Intelligent Imaging Innovations (3I) software.

Intracellular Localization {#sec4.4}
--------------------------

4T1 cells were incubated with **1**-**F**, 1 μM, for 12 h at 37 °C. After the cells were washed with PBS, LysoTracker Red (Life Technology, 500 nM) was added and the cells were incubated for 30 min at 37 °C. The cells were washed again with PBS before imaging.

Photoinduced Cytotoxicity Assay {#sec4.5}
-------------------------------

Approximately 5000 cells/well in culture medium containing 10% fetal bovine serum were seeded in a 96-well plate. Cells were allowed to adhere overnight before test compounds were introduced. **1**-**PDT**, **2**-**PDT**, and **I~2~**-**BODIPY** stock solutions (0.02 M in DMSO) were diluted with protein-free medium (PFHM-II), 1 μL stock solution/1 mL PFHM-II, to make master stock solutions. The master stock solutions were further diluted with PFHM-II to the desired final concentrations varying from 0.02 to 10 μM to test on the cells (less than 0.001% DMSO contained in the final solutions). After 2 h of treatments, cells were washed twice with PBS, then culture media without any additives was added (ACAS) before irradiation, irradiated with a light dose of 7.3 J/cm^2^ from a broad-spectrum halogen light source and fluence rate of 12.2 mW/cm^2^, then further incubated for 24 h; viabilities were assessed through MTT conversion.^[@ref37]^ Briefly, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT (5 mg/mL, in Hank's balanced salt solution) were added and the cells were incubated for an additional 3 h. The medium was then removed, and 100 μL of DMSO was added to dissolve the formazan crystal formed. The optical density of each well (at 570 nm) was measured with a BioTek Synergy 4 microplate reader. The viability of each cell line in response to the treatment with tested compounds was calculated as % of cell viability = (OD treated/OD control) × 100.

Animal Model {#sec4.6}
------------

Female 8--10 week old, wild-type BALB/c mice were purchased from Monash University, Malaysia campus (Sunway, Malaysia) for in vivo studies and maintained in the satellite animal facility, Department of Pharmacology, Faculty of Medicine, University of Malaya. All animal experiments were performed according to protocol approved by the Faculty of Medicine Institutional Animal Care and Use Committee, University of Malaya (FOM IACUC) (Ethics Approval no. 2013-05-07/PHA/R/KLV).

The toxicity profiles of **1**-**PDT** and **2**-**PDT** were determined after intravenous administration of these compounds at 20--100 mg/kg to the mice via tail vein. Toxicity was observed based on typical symptoms such as apathy, horrent fur, behavior changes, and loss of body weight for 2 weeks.

Pharmacokinetics and Compound Clearance {#sec4.7}
---------------------------------------

4T1 tumor bearing female BALB/c mice with an average tumor volume of 80 mm^3^ were divided into two groups and intravenously administered with 10 mg/kg of photosensitizer **1**-**PDT** and **2**-**PDT**, respectively. Mice (*n* = 3 for each time point)^[@ref55]^ were then sacrificed at different time points (0, 15 min, 1, 3, 6, 24, 48, and 72 h post compound administration), and major organs such as liver, spleen, lung, kidney, lymph nodes, skin, eye, and tumor tissues were harvested. Organs and tissues were imaged using an In Vivo MS FX PRO (Carestream Molecular Imaging, Woodbridge, CT) with an excitation filter at 530 nm and emission filter at 600 nm. Mice treated with saline were used as control. Fluorescence intensities of each organ and tissue were quantified using Carestream Molecular Imaging software 5.0 (Woodbridge, CT).

Tumor Cells Inoculation and **PDT** in BALB/c Mouse {#sec4.8}
---------------------------------------------------

The fur of the BALB/c mice was shaved, and murine 4T1 and 67NR cells at a density of 5 × 10^5^ cells in 0.1 mL of medium was orthotopically injected into the mammary fat pad of the mice (18--20 g, 8--10 weeks old), respectively. The mice were then randomly divided into groups for PDT at 8 days post injection, when the tumor size reached 80 mm^3^.^[@ref56],[@ref57]^ Compounds (**1**-**PDT**, **2**-**PDT**, and **I**~**2**~**BODIPY**) at 2--10 mg/kg body weight were dissolved in a cocktail of 2.5% ethanol and 2.5% Cremophore EL. The mixture was then further dissolved using saline to a volume of 0.2 mL and administered by intravenous tail vein injection into the mice. The mice were then kept in the dark for 1 h before an anesthesia cocktail of 90 mg/kg of ketamine and 10 mg/kg of xylazine cocktail was administered. Thereafter, PDT was performed using Lumacare LC-122A fiber optic light delivery system (standard fiber optic probe model LUM V, 400--700 nm, Lumacare Medical Group, Newport Beach, CA, USA, with a 500/585 nm bandpass filter from Omega Optical, catalogue no. XF 3105) emitting light at 530 nm. A 4 mm thick glass slide (1.0 mm × 1.2 mm, purchased from Sail Brand, China, catalogue no. 7101) was used as a barrier to avoid direct photothermal effect on tumor. The illuminating spot was positioned at the tumor and the surrounding was covered using black cloth to avoid PDT effect on nontumor parts of body. PDT was conducted at 100 J/cm^2^ with the fluence rate of 160 mW/cm^2^. After PDT, the mice were kept in dark and tumor size was measured 3 times per week. Tumor volume changes were determined by caliper measurements with tumor volume, mm^3^ = (*L* × *W*^2^/2), where *L* is the longest dimension and *W* is the shortest dimension.^[@ref58]^ During the study, the mean tumor diameter did not exceed 13 mm.

Histology Sample Preparation {#sec4.9}
----------------------------

Survivor mice were sacrificed at 90 days post therapy, and major organs such as liver, kidney, spleen, draining lymph node, lung, and heart were isolated for histological analysis. The isolated specimens were fixed with 10% formalin solution for a minimum of 48 h at room temperature, following which, tissues were trimmed into representative segments and then dehydrated using an ascending series of alcohol, cleared in xylene, and embedded in paraffin. Microtomy was performed using a Leica RM2255 microtome (Leica Microsystems, Germany). Sections were cut at 5 μm thickness and placed onto appropriately labeled microscope slides. The slides were then stained with haematoxylin and eosin (H&E) and coverslipped, then evaluated by a board certified pathologist at the Institute of Molecular and Cell Biology, Agency for Science, Technology and Research, in Singapore.

Statistical Analysis {#sec4.10}
--------------------

In vitro and in vivo experiments were performed to compare the efficacy of the three compounds, and statistical analysis was analyzed using SPSS. Results were analyzed using One-Way ANOVA with Dunnett's Multiple Comparisons when comparing among the three groups of compounds. Student *t* test was used to analyze between two groups; differences were considered statistically significant at the *p* \< 0.05 (\*), *p* \< 0.01 (\*\*), and *p* \< 0.001 (\*\*\*) levels.

Structure of IY-IY-TEG, comparison of phototoxicities for all compounds at different incubation time, uptake of compounds in TrkC+ cells, biodistribution of **1**-**PDT** in 4T1 tumor bearing mice, and toxicity of **1**-**PDT** in the dark on 4T1 tumor. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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